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Abstract
A method for the synthesis of polypeptides using co-polymers as solid supports (called
solid phase synthesis) has drawn the attention of medicinal chemists because of its utility
in combinatorial chemistry and parallel synthesis. The small sample sizes and compound
concentrations present unique challenges to analytical chemists. This thesis presents
some results of the application of energy dispersive x-ray spectrometry (EDS) in the
environmental scanning electron microscope (ESEM) to this problem. The use ofEDS
in the ESEM has advantages of minimal sample size, speed and simplicity because the
analyses are performed without special specimen preparation. The reaction products
and intermediates of two model two-step syntheses were evaluated using EDS-ESEM.
The fIrst synthetic scheme was followed by the removal of CI and addition of a S
functional group in the fIrst step and by the addition of a Br functional group in the
second step. The second synthesis was followed by the removal of CI in the ftrst step
and the subsequent addition of a Br functional group in the fmal step. The EDS-ESEM
results confIrmed that the reactions occurred as expected with the exception that some
CI was present in all of the reaction products of the fIrst synthesis. The synthetic
products were also evaluated by infrared microspectroscopy and by elemental analysis
(ion chromatography). All three techniques gave similar qualitative analyses. In general,
the results from a single bead were sufficient to characterize the whole sample. These
tests demonstrate that EDS-ESEM has the potential to be a useful analytical technique in
solid phase synthesis.
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1. Introduction
In 1963, a novel method (known as solid phase synthesis) was introduced for the
synthesis of polypeptides using polystyreneldivinylbenzene spheres as solid supports
(Merrifield, 1963). In Merrifield's original work, the ftrst amino acid was attached to
the solid polymer using a covalent bond and subsequent amino acids were coupled
sequentially until the desired peptide was synthesized. The fmal step in the process was
the cleavage of the covalent bond and separation of the compound from the polymer
support. Merrifield developed the method in response to the low yields resulting from
the multiple isolation and puriftcation steps required in traditional solution phase
synthesis methods. In solid phase synthesis, product isolation occurs only at the fmal
step thereby greatly improving purity. Recently, this method has drawn the attention of
pharmaceutical and agricultural chemists because of its utility in combinatorial chemistry
and parallel synthesis. In these techniques, arrays of solid phase synthesis experiments
are conducted simultaneously using programmable robotic synthesizers to generate
thousands of novel compounds in a short time. These compounds are then subjected to
high-throughput screening assays to identify new, biologically active substances. A
variety of classes of organic compounds have been synthesized besides the polypeptides.
Lam et al. (1997) and Fruchtel and Jung (1996) present comprehensive reviews of solid
phase synthesis and combinatorial chemistry. A more detailed discussion of solid phase
synthesis is presented in the Section 2 (Theory) of this thesis.
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The analysis of organic compounds attached to solid phase supports presents unique
challenges to chemists. Polymer bead sample sizes are typically 0.1 gram of which only
a small amount (,." 5% by weight) is the active compound. Each step may onlyinvolve
the addition of a functional group such as a phenyl or a carbonyl to a compound already
containing such groups. Ideally, the analysis should be non-destructive and rapid. It
should provide qualitative, structural, and quantitative information on the newly
synthesized compound. A variety of analytical techniques such as combustion elemental
analysis, ion chromatography, infrared microspectroscopy (Yan et al., 1995), mass
spectrometry (Metzger et al., 1993), and nuclear magnetic resonance (Keifer, 1996;
Sarkar et al., 1996) have been applied to this problem with varying degrees of success.
Some methods are destructive, some require a large amount of specimen (> 20 mg),
some are relatively slow, and some do not provide all of the required information. No
one technique currently meets all of the analytical requirements for solid phase synthesis.
This thesis presents some results of the application of energy dispersive x-ray
spectrometry (EDS) in the environmental scanning electron microscope (ESEM) to this
problem.
While the use ofEDS in the ESEM for the analysis of polymer-bound moieties in
pharmaceutical solid phase synthesis has not been reportedpreviously, x-ray
microanalysis has been applied to solid phase synthesis polymer beads used in the
discovery of catalysts (Grubbs and Shiu-Chin, 1976; Davies et al., 1987). In general,
these studies used the electron microprobe which is an impractical technique to
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qualitatively monitor solid phase synthesis chemistry. Microprobe samples are generally
prepared by embedding specimens in epoxy followed by mechanical polishing. It is
necessary to apply a conductive coating to these specimens. This procedure is longer
and more complex than that required for the EDS-ESEM analysis presented here.
Energy dispersive x-ray spectrometry in the ESEM has the advantages of speed and
simplicity because experiments may be performed without the special specimen
preparation described above. The ESEM, with 1-2 torr of water vapor above the
specimen, eliminates the need for coating the specimen with a conductive material.
Further, the gas pressure at the sample can be important for the preservation of the solid
state form, as is the case with hydrates and solvates. A disadvantage ofEDS is its
inability to distinguish among organic functional groups. Consequently, it is necessary to
incorporate a heteroatom label (such as a halogen, sulfur, phosphorus, silicon, etc.) in the
synthesis.
The presence of the gas vapor in the ESEM has important effects on the electron beam
and subsequent x-ray production in the specimen (Bolon, 1991). Specifically, what has
been termed a ~skirt' (Danilatos, 1988) of electrons surrounds the unscattered beam.
The skirt is due to electron scatter by the chamber gas molecules (commonly water
.vapor). Electrons from this skirt can impinge on the specimen several millimeters from
the area under the primary beam (Griffm, 1992). Joy (1996) has presented a Monte-
Carlo model for the electron-gas interaction and Wight et al. (1997a, b) have described
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an experimental technique for visualizing and measuring the skirt using self-assembled
monolayers and secondary ion mass spectroscopy. These and other studies (see Gilpin
and Sigee, 1995; Doehne and Bower, 1993a) have shown that the x-rays produced by
the electrons in this skirt increase the effective x-ray sampling area compared with that of
the conventional high vacuum SEM. Doehne (1997) developed a correction method for
this effect using EDS spectra collected at two pressures; Bilde-Soerenson and Appel
(1997) have applied this principle along with beam stop methods to simulate spectra
collected at high vacuum.
The electron skirt might seem to limit the use of EDS in the ESEM for all but the largest
or most homogeneous of specimens. A number of workers, however, have applied
EDS-ESEM to biological samples (Egerton-Warbuton et al, 1993), metals and ceramics
(Carlton, 1997), and paint cross-sections (Doehne and Bower, 1993b). The results of
these studies have been useful and reasonable. This paper presents our work applying
EDS-ESEM to the qualitative analysis of solid phase synthesis reaction products on
polymer beads.
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2. Theory
2.1 SOLID PHASE SYNTHESIS
Suppose that you are faced with a locked door and no key. You have two approaches
available to you to unlock the door locking mechanism. You could study the locking
mechanism, say using a fiber optic device to inspect the interior parts, and then design
and make a key to fit the mechanism. Alternatively, you could collect together as many
keys as possible and try them all. The first approach presumes that you are able to
obtain sufficient information to design a key while the second presumes that success is a
matter of experiment and that there exists a key which fits the lock. Biological receptors
are like door locks which medicinal and pharmaceutical chemists are attempting to open
using small molecules. These chemists are using both of the approaches illustrated by
the lock analogy described above. The first method goes by the title of 'rational drug
design' and the second technique by 'combinatorial chemistry'. It is the second
approach, using solid phase synthesis, which is the subject of this thesis.
Combinatorial chemistry is a powerful technique for the discovery ofnew pharmaceutical
compounds given the complexity and diversity of organic compounds. In the flISt step of
combinatorial chemistry using solid phase synthesis, a framework molecule is attached to
a polymer (in the form of spherical beads, '""' 100 J.Lm in diameter) using a linker molecule.
A variety of different functional groups can then be added to the framework in
subsequent steps. As an example, consider the family ofbenzodiazepines (Figure 2.1-1).
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Figure 2.1-1 Chemical structure of benzodiazepines showing the locations (by
asterisks) of possible substituent functional groups
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What makes imaging and x-ray microanalysis possible in the ESEM is the presence of a
fmely focused unscattered electron beam surrounded by a skirt of scattered electrons.
So long as the operating conditions are maintained so that this unscattered beam strikes
the specimen surface, then imaging with good resolution is possible. Danilatos (1988)
has subdivided the scattering of electrons by gas molecules into three distinct regions
based on the average number of collisions that anyone electron suffers. He makes the
assumption that electron scattering by gas molecules follows Poisson statistics and can
be described by the following equation
P(x) = (mXe-m)/x!
where P(x) is the probability that an electron will scatter x times and,
m is the average number of scattering events per electron.
The parameter, m, is used to divide scattering into three types. As Figure 2.3-ll
illustrates, plural scattering occurs when m < 0.05 and the scattering probability, P(x), is
less that 5%. Conventional SEM's operate with plural scattering. At the other end,
there is multiple scattering where m > 3 and the scattering probability is greater than
95%. Danilatos defmes an intermediate region where m> 0.05 but < 3 as oligo or
partial scattering~ This is the region for ESEM operation. With partial scattering, a
fmely focused, coherent electron beam remains within a skirt of scattered electrons. The
challenge to Danilatos was how to collect the signals from this fme probe while
29
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Figure 2.3-ll Illustration of three types of electron scattering by gas molecules
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discarding the noise from the skirt. He did this by inventing a new type of detector
which is discussed in the last paragraphs of this section.
It is important to keep in mind that a critical element for ESEM imaging is ensuring that
the specimen is impacted by this unscattered probe. The key to this is understanding the
relationship among the variables of gas pressure, type of chamber gas, accelerating
voltage of the beam electrons, and the distance the beam travels in the gas.
Qualitatively, the relationships are that the number of scattered electrons (and the size of
the skirt) increase with increasing gas pressure and increasing distance traveled by the
electron in the gas but decreases with increasing accelerating voltage. For the type of
gas, the size of the skirt depends directly upon the scattering cross-section.
Consequently, each gas must be studied individually. In this thesis, only water vapor is
considered Each of these relationships will be discussed in the following paragraphs.
Joy (1996) presented a series of curves relating the unscattered fraction of the electron
beam to chamber pressure, accelerating voltage and working distance using Monte Carlo
simulations. These curves confIrm the relationships discussed above. One simulation
suggested that more than 90% of the beam remains unscattered in air when the gas path
length is less than 5 mm and the accelerating voltage is above 15 kV. Bache and co-
workers (1997) used a somewhat different approach in their Monte Carlo simulations by
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plotting the number of expected Cu x-ray counts expected at various distances from a
copper specimen at various pressures. For pressures of 1,3, and 5 torr, one could
expect a significant Cu x-ray signal when the copper block was 30 to 50 microns from
the beam. Experimental tests confIrmed these results.
The degree of electron scattering increases with increasing gas chamber pressure.
Carlton (1997) plotted some of Danilatos' data (1988) relating the percentage of
electrons lost to the skirt with increasing chamber pressure, gas path length, and
accelerating voltage. Figure 2.3-ill presents one set of curves relating the beam loss
versus chamber pressure for different gas path lengths. Beam loss clearly increases with
increasing chamber pressure and increasing gas path length. Interestingly, at a chamber
pressure of 2 torr and a gas path length of 2 mm, less than 15% of the beam is lost to the
skirt. It is clear that good quality x-ray microanalysis depends upon reducing the
chamber pressure and gas path length to as Iowa level as is practical.
Bolon (1991) used a Faraday cage made of a platinum aperture diaphragm on a nickel
block to show that 45 %of the electron beam is scattered beyond 25 Ilm and 4 % is
scattered beyond 1.5 mm (accelerating voltage - 30 kV, gas path length - 15 mm,
chamber pressure - 3 torr). Doehne and Bower (1993) similarly showed that a large
percentage of the x-ray signal originated more than 50 Ilm from the electron beam ( tilt -
25°, accelerating voltage - 20 kV, gas path length - 10 mm).
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Figure 2.3·ID Electron beam lost to the skirt at different gas path lengths and
pressures. From Carlton, 1997 (Adapted from Danilatos, 1988) 20 kV accelerating
voltage
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Griffm (1992, Griffm et at, 1993) devised a test of x-ray resolution using blocks of
copper and iron embedded in a polymer resin separated by a distance of 700 Jlm. They
collected x-ray spectra with the electron beam centered on the copper block and with the
electron beam at increasing distances away from the copper. The accelerating voltage
was varied from 15 to 25 kV and the gas pressures from 0 to 6 torr. They compared
curves relating copper x-ray counts to distance from the copper block to a similar curve
generated at high vacuum. The relationship of increased scatter (as evidenced by copper
x-rays) with higher gas pressure and lower accelerating voltage were confIrmed.
Interestingly, there were signifIcant numbers of copper x-rays generated when the beam
was 300 to 500 Jlm away from the copper suggesting that the minimum x-ray diameter
was greater than 1 mm. One difficulty that Griffm and co-workers faced was that the
minimum working distance achievable with his instrument was quite large (11 mm).
Gilpin and Sigee (1995) showed that reducing the working distance (using the long
secondary electron detector) from 8 to 4 mm nearly halved the copper x-ray peak-to-
background ratio at all distances of the electron beam from a copper grid (on a carbon
support). Still, a signifIcant copper peak (0.25 net peak counts to background ratio) was
observed when the electron beam was 500 Jlm from the copper. Carlton (1997) studied
the contribution of x-rays from neighboring particles [copper, glass, rutile(TiOz)] on the
x-ray spectrum from a cassiterite (mainly tin) particle using gas path lengths of 21.5 and
2.0 mm corresponding with the use of the regular and long secondary detectors. The x-
ray contributions from neighboring particles were reduced by 1 to 2 orders of magnitude
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using the lower gas path length. This study confmned that reducing the gas path length
has a large impact on reducing the x-rays contributed from the skirt electrons.
Wight and co-workers (1997 a, b) have reported initial results of studies which hold the
promise of directly measuring the skirt width and electron intensity. A monolayer of
decanethiol is subjected to the electron beam in the ESEM. This layer is damaged
wherever the beam strikes it. The damaged monolayer is subsequently replaced by a
thiol/fluorine compound in a chemical reaction and the entire [11m is imaged using
secondary ion mass spectrometry (SIMS). The fluorine image is indicative of the
electron skirt striking the [11m. While primarily qualitative at this time, the initial results
do confmn Danilatos' model of a central focused electron beam surrounded by an
electron skirt. With the operatingconditions used in the study, the skirt size was at least
60 to 110 Jim in diameter. Naturally, further studies will be required to exactly
determine the beam skirt diameter and electron density under various operating
conditions. This information ~ill be critically important in establishing the size of
features which can be reliably evaluated using EDS-ESEM.
In the conventional SEM, one is not generally concerned with the effect of the electron
detectors (Everhardt-Thomley and/or backscatter electron) on either the primary
electron beam or on the resultant x-rays. With the secondary electron detectors of the
Electroscan ESEM, however, the detector itself can have a large impact on the beam
(see Figure 2.3-IV for a schematic drawing of the long assembly detector). The long
35
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Figure 2.3-IV Schematic drawing of the pole piece, secondary detector, and x-ray
detector in the Electroscan 2010 (Courtesy of the Electroscan Corporation)
assembly detector has a positive potential varying from +30 to +200 volts. This
potential serves to attract secondary electrons from the specimen surface and is
controlled by the 'Contrast' knob on the ESEM console. As these secondary electrons
are accelerated toward the detector they collide with the gas (water) vapor molecules
producing ions and more electrons. The negative ions are drawn toward the detector
resulting in an amplification of the secondary electron signal due to continued ionization
of the gas by each ion itself. This is referred to in the literature as the ion cascade. The
positive ions are drawn to ground (the specimen surface), where they serve to ameliorate
some of the charging effects of the electron probe. This is one reason why non-
conductive specimens can be successfully imaged in the ESEM without coating. This is
a complex process and there are multiple interactions among the electron probe, the
secondary electrons, the backscattered electrons, the x-rays from all sources, the gas
molecules, and the ionized gas molecules.
There are only a few studies published on these interactions and their effects on either
the electron beam. Wight (1996) evaluated the effect of the positive potential of the
secondary electron"detector on the current measured in a Faraday cage while varying
such instrumental parameters as the accelerating voltage, chamber pressure, [mal
condenser setting, etc. For example, he plotted the cup current against the secondary
electron detector potential and found that it increased from 0.25 to 8 nA with a change
of potential from 30 to 450 V. He also plotted the cup current against chamber gas
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pressure with the secondary detector potential switched on and off. With the voltage
off, the current only slightly increased with up to a 12 torr increase in chamber pressure,
while with the detector potential applied, the current increased from 0.2 to 12 nA with
the increase in pressure. Similar effects were observed with the other parameters
depending upon the detector potential. One obvious consequence of this study is that
measurement ofbeam current cannot be used to standardize x-ray microanalysis
conditions unless the potential applied to the detector is standardized. No studies have
been published on the effects of the secondary electron detector potential on x-ray.
microanalysis. Appendix 3 of this thesis presents some initial data suggesting that x-ray
microanalysis can also be affected by the detector potential.
2.4 ENERGY DISPERSIVE X-RAY SPECTROMETRY
The liberation of characteristic x-rays is one consequence of the collision of an energetic
beam electron with inner shell electrons of an atom in the target material. These x-rays
have different, invariable values for every element so that it is possible to unambiguously
determine elemental presence by collecting and measuring them. This is the basis of
qualitative analysis using EDS in the SEM. In this section, I will present some of the
important considerations of x-ray microanalysis as they pertain to the ESEM and EDS in
solid phase synthesis. Goldstein et al. (1992) presents a complete discussion of the
principles and practice of x-ray spectrometry.
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A typical energy dispersive x-ray spectrum of copper, plotting the number ofx-ray
counts versus energy, is presented in Figure 2.4-1 There are two features of particular
importance to qualitative analysis. First, there are large characteristic peaks for copper
observed at energies of 0.93 and 8.0 keY along with a smaller peak at 8.9 keY. The
peaks at 8.0 and 8.9 are called the Ka and~ peaks, whereas the peak at 0.93 keVis
made up ofa number of unresolved L lines. The second feature of interest is the
background which is not constant across the entire energy range. Qualitative analysis
then has two tasks: association of peak energies with elemental characteristic x-ray lines
and the separation of the peaks from the background.
For most elements, there is more than one outer-shell electron which can replace the
removed inner-shell electron. Obviously, atoms with more electrons and more shells will
have more possible transitions. These possibilities have been divided into three families
of peaks designated as K, L, and M. Figure 2.4-ll presents the typical appearance of
these three peak families. The Kfamily is generally seen as two peaks labeled Ka and as
~. The L family can have 6 or more observed peaks while the Mfamily has four or
more peaks. These individual family peaks are designated by Greek letters.
39
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Figure 2.4-1 Typical EDS spectrum of copper
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Figure 2.4-11 Typical x-ray peaks from K, L, and M transitions; Peaks are simulated
using the DTSA analysis program from the NIST. A - Si; B, C - eu; D, E - Ce; F - Pb
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The relative intensity of the peaks within a family is well known and virtually constant
for a single element. The constant nature of the relative peak intensities within a family
is one of the key distinguishing characteristics used in qualitative x-ray microanalysis. If
one suspects that a large peak is an La peak of a relatively heavy element, then there
must also be L~, L~2, Lylo and 4 peaks at well-known energies with well-known
intensities. If these other peaks are not present, this casts doubt on the assignment
though this can be rationalized if the peak to background ratio for the La peak is low.
Also, ifhigh energy K-lines are present, then the analyst should look for the
corresponding L-series lines at lower energy. Likewise, heavy element L-lines should be
accompanied by evidence of the M-series. In general, lines from two x-ray families
provide a more reliable element identification than just lines from one family. While
within-family peaks are useful for qualitative analysis, there is no such relationship for
intensities between different families. For instance, the relative size of the K and L
copper peaks observed in Figure 2.4-1 are dependent upon many instrumental factors
including the accelerating voltage.
A confounding factor in qualitative EDS analysis is the presence of spectral artifacts due
to the x-ray collection and energy measurement process. Chapters 5 and 6 of Goldstein
et al. (1992) discuss these artifacts in detail. In general, these are seen in the EDS
spectrum either as additional peaks or as peak broadening. The peak broadening leads to
peak overlaps both for element peaks within a family and between peaks of different
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elements. For instance, it is not possible to distingtiish between AI Ka and~ peaks
since they are too close in energy to be resolved by the EDS detection process. These
overlaps can render a qualitative analysis uncertain in many cases and impossible in
others. Fortunately, the x-ray peaks of the elements used in this study (Br, CI, and S)
can be easily resolved with no overlaps.
Continuum x-rays contribute to the intensity of the background and result in relatively
low peak-to-background ratios for EDS- especially when compared with wavelength
dispersive x-ray spectrometry. The continuum controls the minimum detectability limits
and, hence, the analyst's ability to detect trace elements.
In summary, energy dispersive x-ray spectrometry is a powerful tool for the rapid and
accurate qualitative analysis of materials. It has greatly extended the utility of the SEM
from a pure imaging tool to one combining imaging and chemistry. On the other hand,
EDS is not without its confounding factors. Accurate results require a good
understanding of the basic theoretical principles ofx-ray spectrometry and an
appreciation of the limitations of the technique.
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3. Methods and Materials
Solid phase synthetic scheme 1 (see Figure 3.1) was performed with commercially
available reagents following minor modifications (Le. different solvents) to the method
published by Marshall and Liener (1970). Synthetic scheme 2 (see Figure 3.11) was
performed with commercially available reagents according to the method published by
Lu et al. (1981). Compound 1 (Merrifield resin, 2% cross-linked, 1 milli-equivalent of
Cl/g) was obtained from the Aldrich Chemical Co (Milwaukee, WI, USA). Compound 3
was synthesized twice using different samples of the same batch of Compound 2. The
two reaction products are designated as Compounds 3a and 3b. Compound 4 (Wang
resin, 1 milli-equivalent) was obtained from Advanced ChemTech (Louisville, KY,
USA).
A single solid phase synthesis sample generally consists ofbetween 0.1-1 g ofbeads,
5-20 milligrams of which are used for chemical analysis. The EDS analysis specimen is
prepared by distributing approximately 100 to 200 be~ds onto carbon tape on a carbon
planchet. Once the beads are spread on the tape they are lightly pressed into the
adhesive using a Teflon spatula. A carbon substrate is used as opposed to the more
common aluminum stub since one of the elements of interest is Br and these two
elements have an x-ray energy overlap at 1.48 keV (Ka for AI and La for Br). A raster
length approximately 20% of the diameter of the test bead was chosen for these studies
based on the data presented in Section 4.6.
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OH
POlymer~S~OH + q DIC POIYmer-Q--J'~•
DMAP
Br
~ Compound 2 DMF,20oC BrCompound 3
Figure 3-1 First model synthetic scheme Abbreviations: NMM N-methylmorpholine;
DMF dimethylformamide; DIe diisopropylcarbodiimide; DMAP 4-(dimethylamino)pyridine
POlymer~CI +
Compound
("(OH
H)=J
NaOCH3
N,N-dimeth;'acetam"d POIYmer-{y°~
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_ OH
Compound 4
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POlymer~ /0-0-: I '\~ OH+
Br
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DH DIC
DMAP
DMF, 20° C
~OpolYmer-Q-.Jl\J'D~
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Figure 3-D Second model synthetic scheme
Abbreviations: DMF dimethylformamide; DIe diisopropylcarbodiimide; DMAP 4-
(dimethylamino)pyridine
The ESEM used for these experiments was an Electroscan model 2010 (Wilmington,
MA, USA) with a tungsten fIlament. Table 3-1 presents the salient ESEM operating
parameters. Many of the settings were chosen based on previous studies in this and
other laboratories. The long assembly Environmental Secondary Detector (model No.
110-374-000) at a working distance of 19 mm is specificilly recommended by the
manufacturer for EDS analysis in the Model 2010 ESEM. The potential to the secondary
electron detector was reduced to its lowest value using the 'Contrast' knob of the ESEM
during EDS tests (see Appendix 3 for some results of a study of the effect of the
secondary detector voltage on x-ray microanalysis). The EDS system was based on a
Si(Li) Prism® x-ray detector with IMIX-XE analysis system by Princeton Gamma Te<;h
(princeton, NJ, USA). The current at the specimen was measured using a picoammeter.
A peculiarity of the Electroscan 2010 is that the working distance display on the
computer monitor is correctly calibrated only at exactly 20 kV accelerating voltage. For
example, if the working distance is set to 19 mm at 20 kV and then the accelerating
voltage is reduced to 15 kV, without changing the specimen height, the working distance
displayed on the computer monitor will read ,... 19.6 mm after refocussing.
Consequently, when other voltages were used, the specimen position and working
distance were determined in relationship to that at 20 kV. For most of the studies
reported here an accelerating voltage of 20 kV was used (see Appendix 2).
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Table 3-1
Key EDS-ESEM Instrumental Parameters
PROPERTY PARAMETER
Accelerating Voltage 20kV
Beam Current at Specimen 0.5 -1.5 nA
Beam Limiting Aperture Diameter 50 J.lm
Working Distance (from pole piece) 19.0mm*
Condenser Lens Setting 45 - 55 %of full lens current
Chamber Gas Pressure 2.0 torr
Specimen Tilt Angle 00
X-ray Take-OffAngle 28.40
EDS Channel Size 10.4eV
Spectral Energy Range 0-20keV
Live Time 100 seconds
Count Rate 1500 - 2000 counts/s
* The distance the beam travels in the gas is 2 mm with the long detector.
For EDS analysis, the optimum chamber water vapor pressure is the lowest possible
value which eliminates specimen charging. This was determined by observing the ESEM
monitor for charging effects such as waviness in the image, inordinately bright spots, and
48
flashes indicating arcing between the secondary electron detector and the specimen. A
pressure of 2 torr was chosen for all of the results reported in this thesis. The chamber
pressure was measured using the capacitance manometer of the ESEM.
A major objective of this study was the assessment of variability in order to determine
the number of beads which must be tested to adequately characterize the whole sample.
For this study, 10 beads at·random locations on the stub were tested from each of five
stubs prepared independently for Compounds 2, 3, and 5 (Section 4.6 presents some
data from a study of the effect of bead location on microanalysis). Each stub was tested
on different days, before and after EDS calibration, before and after recycling the EDS
. detector (turning off the detector and allowing the liquid nitrogen dewar to reach room
temperature so as to diive off any ice collected on the detector) and before and after
changing the ESEM tungsten ftlament and cleaning and aligning the column. For
Compound 1only five beads from one stub were evaluated in order to verify that the
starting material contained CI but did not contain either S or Br. Compound 4 was
tested similarly (five beads on one stub) since it contained no heteroatoms.
I have adopted the criterion rule for peak: presence suggested by Goldstein et al. (1992)
that a peak is present if PNet> 3(NB)1I2 where PNet is the net peak counts and NBis the
number of background counts (see Appendix 1for a discussion of this rule and its
derivation). The average of the number of background counts to either side of the peak
can be substituted for NB• The PGT IMIX-XE has a routine for determining the net
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counts in a peak (named 'Integral') and the results of this routine were used for all of the
studies reported here. The routine was checked by setting background windows to
either side of element peaks of interest (CI, Br and S), averaging these, and subtracting
this value from the reported gross peaks. Representative spectra of Compounds 2 and 3
were checked in this fashion (see Appendix 4 for the details of this study). The
agreement between the manual background subtraction and the PGT Integral routine
was better than 5 % and all of the net x-ray counts reported in this study were generated
by the Integral routine. For some tests, the routine reported negative net count values
for those elements which were not present in the compound.
The synthetic intermediates and products were tested by infrared microspectroscopy and
combustion elemental analysis followed by ion chromatography (CEAlIC). The IR
spectra were acquired on a Nicolet model 740 FTIR (Madison, WI, USA) interfaced to
an IRPLAN microscope. Spectra were recorded at a resolution of 4 cm-l with samples
supported on 3 mm KBr windows. The elemental analyses for CI, Br, and S were
performed by Quantitative Technologies Inc. (Whitehouse, NI, USA). The samples
were combusted and the residue was analyzed by ion selective chromatography against
external standards.
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4. RESULTS
The presentation of the results of this study is divided into the following six sections:
Synthetic Scheme 1; Synthetic Scheme 2; Comparison of Analytical Techniques;
Detectability of Bromine and Sulfur; Detectability of Chlorine; and Variability and
Sampling.
4.1 SYNTHETIC SCHEME 1
The EDS-ESEM spectra of Compounds 1, 2, and 3 have the elemental peaks expected
of synthetic scheme 1 (see Figure 4.1-1). Compound 1 should contain CI and no Br or S.
Compound 2 should contain S and no CI or Br. Compound 3 should contain S and Br
but no Cl. The EDS-ESEM spectra show clear peaks for: CI in Compound 1; S in
Compound 2; and S and Br in Compound 3. These qualitative results are in agreement
with expectations based on the synthetic scheme. The spectra of Compounds 2 and 3,
however, also contain CI peaks. The presence of CI suggests that the fIrst reaction may
not have gone to completion or that some other confounding factors are involved in the
actual synthesis as will be discussed in detail in Section 4.5.
The net x-ray counts confIrm the visual inspection of the spectra (see Table 4.1-1). The
net S counts increased from 3 (below detectability) in Compound 1 to 18,031 in
Compound 2 whereas the CI counts dropped from 6122 to 3049. The Br counts
increased from 19 (below detectability) in Compound 2 to 16,959 in Compound 3. The
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Figure 4.1-1 EDS spectra for Synthetic Scheme 1, Full Scale = 3900 counts
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S counts decreased to 8506 in Compound 3 and the CI counts dropped to 457. It is
evident that there are significant S counts in Compounds 2 and 3, and significant Br
counts in Compound 3 as would be expected from the synthetic scheme. The S and Br
x-ray counts were greater than the 150 to 200 counts required by the peak presence rule
Com ound
1
2
3
4
4.2 SYNTHETIC SCHEME 2
Beads
5
50
50
5
50
Stubs
1
5
5
1
5
The EDS-ESEM spectra of Compounds 4 and 5 have the elemental peaks expected of
synthetic scheme 2 (see Figure 4.2-1). Compound 4 is derived from Compound 1 and
should not contain either CI or Br. Compound 5 should only contain Br (S was not
involved in the synthesis). As expected, the EDS-ESEM spectrum of COPlpound 4
contains neither CI nor Br peaks whereas the spectrum of Compound 5 has an
unmistakable Br peak. The lack of any CI peak in Compounds 4 and 5 has some
significance as discussed in the folowing sections.
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Figure 4.2-1 EDS spectra for Synthetic Scheme 2, Full Scale = 4200 counts
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The net x-ray counts for scheme 2 confmn the qualitative assessment of the spectra (see
Table 4.1-1). For Compound 4, the average Br and CI counts (9 and 4) were below the
peak presence rule (150 to 200 counts). The average net Br x-ray counts in Compound 5
were 10,275 whereas those of CI were 29. The Br counts were well above the peak
presence rule and those of CI well below.
These results constitute the primary fmdings of this study. While they may seem
somewhat trivial given the long history ofEDS in the SEM, their significance (as
presented in more detail in the Discussion) lies in the use of the EDS in the ESEM and in
the nature of the uncoated polymeric beads. Th~ following sections present some
additional results showing the agreement of these EDS results with those from other
techniques as well as the results of some tests of variability and detectability.
4.3 COMPARISON WITH OTHER ANALYTICAL TECHNIQUES
Two of the most commonly used analytical techniques for the qualitative analysis of solid
phase synthesis intermediates and fmal products are infrared microspectroscopy and
combustion elemental analysis/ion chromatography (CEAlIC). All five of the
compounds used in this study were tested by these two techniques. The results from
both of these techniques confmned that the synthesis occurred as expected and, hence,
agreed with the EDS-ESEM qualitative results (see Table 4.3-1).
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Table 4.3-1 Qualitative Analysis Comparison, Different Analytical Techniques
Material EDS-ESEM Elemental Analysis I Infrared
Ion Spectroscopy
ChromatoBapby
Compound 1 Chlorine Present Chlorine Present C-HPresent
Sulfur Not Present Sulfur Not Present C=C present
Bromine Not Present Bromine Not Present O-H Not Present
Ester Not Present
Compound 2 Chlorine Present Chlorine Present C-HPresent
Sulfur Present Sulfur Present C=CPresent
Bromine Not Present Bromine Not Present O-H Present
Ester Not Present
Compound 3 Some Chlorine Chlorine Present C-HPresent
Sulfur Present Sulfur Present C=CPresent
Bromine Present Bromine Present O-H Not Present
Ester Present
.Compound 4 Chlorine Not Present Some Chlorine C-HPresent
Bromine Not Present Bromine Not Present C=CPresent
O-H. Present
Ester Not Present
CompoundS Chlorine Not Present Some Chlorine C-HPresent
Bromine Present Bromine Present C=CPresent
O-H Not Present
Ester Present
The infrared spectra show that distinctive functional groups were added (or deleted) in
each synthetic step (see Figures 4.3-1 and 4.3-II). The additions and deletions were
those expected of the two synthetic schemes. For instance, the spectrum of Compound
1 is dominated by the C-H vibrations near 3000,1450, and 700 cm-i ; by the aromatic
C=C stretch near 1600 cm-i ; and by the C-H deformations near 3100 cm-i . These peaks
are also found in the spectra of Compounds 2 and 3, though there are some shifts in peak
position and some differences in peak intensities. The spectrum of Compound 2 has a
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Figure 4.3-II Infrared spectra for synthetic scheme 2
distinctive broad peak at 3200 cm -I due to the OH stretch as well as the band at 1220
cm -1 due to C-O stretch. There are also peaks at 1270 and 830 cm -1 which can be
assigned to S-C interactions. In the spectrum of Compound 3a, loss of the broad OH
peak at 3200 cm -1 indicates that the terminal OR has been removed. The peaks at 1760
and 1230 cm -1 are distinctive for the ester functional group. Compound 4 contains the
distinctive peaks from Compound 1 as well as the OH stretch at 3200 cm-1 and the C-O
stretch at 1220 cm-1• Compound 5 has the distinctive ester peaks at 1760 and 1230 cm-1•
An assignment of functional group to the observed peaks is presented in Table 4.3-2 for
Scheme 1 and Table 4.3-3 for Scheme 2 (see Colthup et al., 1990, for a discussion of
infrared spectroscopy and functional group assignments).
Table 4.3-2 FTIR Peak Location* and Assignments
Scheme 1 (cm-1)
Compound 1 Compound 2 Compound 3 Assil!l1lD.ent
no peak 3170 no peak O-R Stretch
3080 3080 3080 Aromatic C-H Stretch
3060 3060 3060 Aromatic C-H Stretch
2920 2920 2920 Aliphatic C-H Stretch
no peak no peak 1760 C=O Stretch
no peak 1270 1270 S-C
no peak no peak 1230 C-O stretch
no peak 830 830 S-C
760 760 760 Aromatic C-H Bend
700 700 700 Aromatic C-H Bend
* The peak location can vary by as much as 5 cm-1 from the value listed in this table
depending upon the molecule and the sample.
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Table 4.3-3 FflR Peak Location*and Assignments
Scheme 2 (cm-l )
Compound 1 Compound 4 Compound 5 Assi2l1Dlent
no peak 3430 nopeak O-H Stretch
3080 3080 3080 Aromatic C-H Stretch
3060 3060 3060 Aromatic C-H Stretch
2920 2920 2920 Aliphatic C-H Stretch
no peak no peak 1760 C=O Stretch
no peak no peak 1230 C-O stretch
760 760 760 Aromatic C-H Bend
700 700 700 Aromatic C-H Bend
*The peak location can vary by as much as 5 cm-l from the value listed in this table
depending upon the molecule and the sample.
The progress of each synthetic step was also assessed by testing each compound for the
presence of CI, Br, and S using combustion elemental analysis by ion chromatography
(CEA/lC). Both syntheses proceeded as expected based on these results (see Table
4.3-4). For instance, Compound 1 was supposed to contain Cl but not Br or S and the
elemental analysis reported 4.6% CI and less than 0.1%for both Br and S. The S
content increased in Compound 2 (to 5.5%) as expected though this compound still
contained significant CI (1.4%). Compounds 3a and 3b had an increase in the Br
concentration to 10.9 and 12.3% whereas the S content decreased to 3.4 and 4.2%
(probably the result of the increased mass). Chlorine was still present in these two
compounds at levels of 0.6 and 1.3%. The presence of Cl in Compounds 2 and 3 was
unexpected but in agreement with the EDS-ESEM results. Possible causes of the CI in
these compounds are discussed in Section 4.5. Bromine was not present in any
significant amounts in Compounds 1 or 4 but is present in Compound 5 (-6.0%).
60
Interestingly, CI appeared to be present in Compounds 4 and 5 but at levels only slightly
above the limit of detectability. No CI was detected in these compounds by EDS-ESEM.
This may indicate that the fIrst step of synthetic scheme 2 went further to completion
than the ftrst step of synthetic scheme 1.
Table 4.3-4 Combustion Elemental Analysis and Ion Chromatography
verageo wo etennmations
Compound Bromine Chlorine Sulfur
1 <0.1 4.6 < 0.1
2 <0.1 1.4 5.5
3a 12.3 0.6 3.4
3b 10.9 1.3 4.2
4 < 0.1 0.18 <0.1
5 6.0 0.13 <0.1
Concentration (% wt)
A fT D
The EDS-ESEM, as used in this study, provides only qualitative results while CEA/IC
provides both qualitative and quantitative results. It is possible, however, to make a
simple quantitative comparison if the peak-to-background ratios of the EDS-ESEM
results are compared to the results of CEA/IC. In Table 4.3-5, typical peak-to-
background values for the EDS-ESEM results are presented along with the CENIC
results. The ranking of the CI and S results is the same for the two methods but
reversed for Br. -Figure 4.3-ill plots the EDS-ESEM results against those from CEA/IC
for CI, S, and Br. For CI and S, the relationship between the two methods can be
approximated by a straight line. The Br result for Compound 5 is near this straight line
whereas the Br results for Compound 3 are far removed. The good agreement of the
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two methods is encouraging for the future development of quantitative analysis using
EDS-ESEM. The agreement between the two methods is good enough that the two
outlying results would appear to be an indication of some problem with CEAlIC or that
there is some confounding factor in the EDS-ESEM analysis of Compound 3.
Table 4.3-5 Comparison ofEDS-ESEM Peak-to-Background*
with Elemental Analysis* (wt %) Results
Compound Bromine Bromine- Chlorine Chlorine Sulphur Sulfur
EDS CEAJIC EDS CEAJIC EDS CEAJIC
1 1.0 0.1 4.7 4.6 1.0 0.1
2 1.0 0.1 1.7 1.4 4.6 5.5
3a 3.7 12.3 1;1 0.6 3.0 3.4
3b 4.2 10.9 1.4 1.3 3.8 4.2
4 1.0 0.1 1.0 0.18 1.0 0.1
5 7.6 6.0 1.0 0.13 1.0 0.1
* Values of 1.0 for EDS and 0.1 for CEAlIC means that the element was not detected.
4.4 DETECTABILITY OF BROMINE AND SULFUR
The CEAlIC results allow for an estimation of the elemental detectability ofEDS-
ESEM. For Br the lowest concentration by CEAlIC was 6.0% (Compound 5) and for S
it was 3.4% (Compound 3a). The EDS-ESEM qualitative results were unambiguous for
these compounds and clearly showed the presence of Br and S. These results suggest
that the detectability limits for Br and S are less than 6 and 3.4%, respectively.
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Since CEA/IC is a bulk technique using..., 10 mg of sample, it is instructive to compare
its results to the EDS-ESEM qualitative analysis for individual beads. Tables, 4.4-1 and
4.4-2 present the qualitative analysis results for all of the stubs and beads for S in
Compound 3 and Br in Compound 5. Peak presence was determined using the rule from
Goldstein et al. (1992) as discussed in Appendix 1. AIl of the beads on each stub of
Compound 3 showed the presence of S (Compound 2 had the same results). AIl 50 of
the beads in Compound 5 showed the presence of Br, though one bead appeared to be
occluded by another resulting in a very small Br peak (see Section 4.6). For Compound
3, all of the 50 beads showed the presence of Br. These results suggest that at
concentrations above 3.4 % for S and 6.0 % for Br, individual beads are representative
of the whole sample (Section 4.6 discusses the subject of variability in more detail).
~
Table 4.4-1
Comparison of Sulfur Presence*, Compound 3
Stub Number ofBeads with Number ofBeads with
Sulfur Present Sulfur Not Present
3a Stub 1 10 0 "
3aStub2 10 0
3b Stub 1 10 0
3b Stub 2 10 0
3b Stub 3 10 0
*The Pnet >3(NB)1I2 rule was used to detennine the presence or lack of CL 'Windows to either side of CI
were averaged and substituted for NB•
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Table 4.4-2
Comparison of Bromine Presence, Compound 5
Stub Number ofBeads with Number ofBeads with
Bromine Present Bromine Not Present
Stubl 10 0
Stub 2 10 0
Stub 3 10 0
Stub 4 10 0
Stub 5.. 10 0
"* The Pnet >3(NBi12 rule was used to determine the presence or lack of Cl. Windows to either side of
CI were averaged and substituted for No.
4.5 DETECTABILITY OF CHLORINE
The detectability limit of CI can be estimated to be between 0.6 and 0.2 %. Chlorine was
not detected by EDS-ESEM in Compound 4 which had 0.18 %CI by CEAlIC, whereas
it was detected in Compound 3a which had 0.6 % CI by CEAlIC.
A comparison of the CEAlIC results with the EDS-ESEM results of individual beads for
CI in Compounds 3 and 4 is interesting since the detectability limit appears to be below
one (3) and above the other (4). For Compound 3, 72% of the beads contained CI and
there was a distinct difference between the qualitative analysis of Compounds 3a and 3b
(see Table 4.5-1). The qualitative analysis of 3b was unambiguous with 25 of 30 beads
containing CI and Compound 3b's CI content was 1.3% by CEAlIC. The qualitative
analyses of Compounds 1and 2 were also unambiguous with all beads showing the
presence of Cl. The CI concentrations of these two compounds by CEAJIC were 4.6 and
1.4 %. The qualitative analysis of 3a, on the other hand, was ambiguous since 11 beads
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contained CI and 9 did not. The CI content of this compound was 0.6% by CEAlIC.
Interestingly, the two stubs of 3b were quite different with the fIrst having 2 of 10 beads
showing CI and the second with 9 of 10 showing it present. This would suggest that
there may be signillcant inhomogeneities in the CI content, from specimen to specimen,
when this close to the limit of detectability. Only S beads of Compound 4 were tested
and allS of these were negative for the presence of Cl. Compound S had a similar CI
content by CEAlIC (0.13 %) and all SO beads were negative for CI by EDS-ESEM.
Table 4.5-1
Comparison of Chlorine Presence*, Compounds 3 and 4
Stub Number ofBeads with Number ofBeads with
Chlorine Present Chlorine Not Present
3a Stub 1 2 8
3aStub2 9 1
3b Stub 1 6 4
3b Stub 2 10 0
3b Stub 3 9 1
4 Stub 1 0 S
*The Pnet >3(NB)1I2 rule was used to detennine the presence or lack of CI. Windows to either side of CI
were averaged and substituted for NB•
4.6 VARIABILITY AND SAMPLING
A number of studies were conducted to establish the optimum sampling regime for solid
phase synthesis beads. These included a study of the raster size on the bead, a study of
the effect of the bead location on the stub, and a study of the variability among beads and
stubs. A cursory examination of the sensitivity of the beads to the electron beam was
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also conducted. Finally, some photomicrographs are presented illustrating the damaging
effects of some extreme synthesis conditions on the polymer beads.
An important sampling variable is the raster size of the electron beam on the bead during
x-ray microanalysis. In order to determine the optimum raster size on the bead, five
beads of Compound 3b were each tested at various raster sizes. Each bead's diameter
was measured and tests conducted at magnifications corresponding with 100, 60, 40,
20 % of this value as well as in the ESEM's spot mode « 1% of the bead diameter).
The raster was centered on each bead. The results are presented in Table 4.6-1. The
carbon counts decrease directly with the decrease in beam raster size while the bromine
and sulfur counts initially increase with the decrease in raster size from 100 to 60% and
then stay relatively constant with the reduction in raster size. This is reasonable since the
time the beam resides on anyone location increases with the decreasing raster.
Consequently, the number of x-rays generated over the entire test time should remain
nearly constant. The chlorine counts are all low and below the number required to be a
peak. The reduction in carbon counts with smaller raster size is reasonable since the
adhesive substrate is primarily carbon and at the larger raster sizes the electron beam will
swing off of the bead. This is also a reasonable explanation for the low bromine and
sulfur counts at the 100% size. In general, a smaller rather than a larger raster size is
desirable for x-ray microanalysis though there are important limitations to this rule. The
smallest probe sizes can have deleterious effects on the specimen such as overheating.
The nearly constant x-ray count values from 60% to the spot mode suggest that any of
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these raster sizes can be chosen. A 20% value was chosen for the variability studies
since it has a low raster size and the lowest standard deviations for Br and Speaks.
Table 4.6-1 Raster Size Study
Mean X-ray Counts (Standard Deviation)
Five Beads of Compound 3b
Raster Size* (%) Carbon Bromine Sulfur Chlorine
100 14814 (2006) 6488 (1469) 3436 (725) 71 (105)
60 15001 (1451) 10226 (1634) 5929 (972) -3 (13)
40 12955 (1406) 10504 (1554) 6420 (831) 31 (90)
20 11743 (1756) 10724 (1481) 6536 (785) 42 (53)
SDot« 1%) 10009 (2306) 10496 (1409) 6429 (945) 54 (79)
*Percentage of bead diameter
In the conventional SEM, the choice of beads to test would depend solely on the
requirements for good statistical sampling since the spot size of the conventional SEM
(ca. 100 to 500 nm) is much smaller than the bead diameter (50-100 Jlm) and since there
is no electron beam skirting effect. In the ESEM, on the other hand, this can be an
important consideration. Given the wide electron beam skirt, it is conceivable that beads
lying within millimeters of the target are excited. To test this effect on solid phase
synthesis analysis, beads were selected and tested at the leading edge, middle, and back
edge of a clump of beads (see Figure 4.6-1) and compared with beads well-separated
from any others (at least 500 Jlm from any other bead). These terms are in reference to
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Figure 4.6-1 Photomicrograph showing the relationship of beads in the bead location
study; 200x, 20 kV, 19 mm W.D.; F - Front Edge, M - Middle, B- Back Edge,
D - X-ray Detector
69
Figure 4.6-1 Photomicrograph showing the relationship of beads in the bead location
study; 200x, 20 kY, 19 mm W.D.; F - Front Edge, M - Middle, B- Back Edge,
D - X-ray Detector
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the x-ray detector. On the Electroscan 2010, the x-ray detector enters from the left of
the operator as he or she faces the sample chamber. This relationship is maintained on
the instrument CRT monitor (as well as on the photomicrograph) so that the detector is
oriented to the left of the screen. 'Front edge' .designates the fIrst beads on the left edge
of a clump and are the closest beads to the x-ray detector. Table 4.6-2 presents the
results of these tests for Compound 2. The accelerating voltage was 15 kV and the
pressure 2.0 torr. These results suggest that, in general, any effects due to particle
location are less than that of the normal variation in net counts between beads.
Table 4.6-2 Bead Location Study
Compound 2, Net X-ray Counts
Bead
Location Bromine Carbon Chlorine Oxy!en Sulfur
FrontEd!e 1 12266 19050 -83 1310 5828
FrontEd!e2 13721* 24336 -8 1751 6451
Middle 1 9904 12877 -3 1052 5030
Middle 2 11839 14649 10 1081 5531
BackEde:e 1 12040 16094 28 1264 5623
Back Ed!e 2 11808 14002 -26 1241 5976
Alone 1 11213 19725 37 1334 5717
Alone 2 12572 17759 -95 1362 6221
Mean 11920 17312 -18 1299 5797
StdDev 1095 3734 49 215 437
95% 11000 to 14240 to -58 to 1120 to 5440 to
Confidence 12820 20370 22 1475 6160
Limits
*Those numbers which are bold and italicized are outside the 95% confidence limits.
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A straight-forward approach to investigating the data for outliers and for trends is to
determine the 95% confidence limits and compare these with the data. Those values
outside these limits may be outliers and may be due to some location effect. Further, the
data from the clumps can be compared with those beads which were well-separated from
any others. The last row in Table 4.6-2 presents the confidence limits for each element
and those data values in bold and italics are outside these limits. The two beads which
appear to have most of their values outside the confidence limits are the front edge - 2
and the middle - 1. The x-ray counts are greater than expected for the front edge bead
and less than expected for the middle one.
There are at least four possibilities for the cause of the outlying x-ray counts. The ftrst is
simply statistical variation. A 95% probability implies that 1 test in 20 will be outside the
confidence limits. Two in eight is certainly not surprising and the fact that one bead is
high and the other low makes this a likely cause for the outlying values. The second
possible cause stems from the wide electron skirt in the ESEM and beads some distance
from the target can be excited and contribute x-rays to that of the target. This should
lead to larger than expected values. This seems to be an unlikely cause for the outlying
data since one bead has low values, though it is possible that the high value is due to the
electron beam skirt. A third possibility is that another bead lies between the target bead
and the detector. Stray electrons (Le. electrons can exit the upper surface of the
spherical target bead in all directions) can strike this adjacent bead producing x-rays.
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Again, this should produce counts larger than expected for the middle and the back edge
beads. Contrariwise, it is the front edge bead which has the larger than expected values.
Finally, a fourth cause of outliers can be blockage of the x-ray specimen-to-detector path
by another bead. Since the beads are pushed into the double-faced carbon tape, it is very
possible for this type of occlusion to occur. Further, the beads are not mono-sized and
so a large bead interposed between a small target bead and the x-ray detector could lead
to x-ray absorption by the larger bead This should result in lower than expected x-ray
counts and is a reasonable explanation for the lower than expected counts by the middle
bead.
It is not possible to determine the relative influence of the four above-mentioned causes
of outlying x-ray counts using this data and set of experiments. The lack of any clear
trend or correlation of bead location with magnitude of x-ray counts, however, suggests
that any location effect is minor. This is confIrmed by the similarity of the x-ray counts
of the well-separated beads compared with those beads grouped together.
Compounds 2, 3, and 5 were used to evaluate the variability among beads and stubs.
The object of the study was to determine how many beads must be tested from separate
preparations (stubs) to attain high confIdence in the qualitative analysis. Interestingly, in
most cases the result from a single bead from a single stub was sufficient for the
qualitative analysis of'the whole. There were some signifIcant exceptions such as CI in
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Compound 3 and Br in Compound 5. For Compound 2, every bead from each stub had
the same qualitative result - no Br present, CI and S both were present. For Compound
3, every bead of each stub contained Br and S. The CI analysis is an exception that will
be discussed in another paragraph. For Compound 5, every bead of each stub was
negative for the presence of CI and S, and positive for the presence of Br.
The CI content of Compound 3 has been discussed previously as it relates to the
elemental detectability. The variability in the CI analysis from bead-to-bead and stub-to-
stub also has implications for sampling. When testing for elements close to their
detectability limits, a single bead from a single stub will not be adequate to characterize
the whole lot. It will be necessary to test many beads from many stubs. For Compound
3, 72% of the beads were detennined to contain CI and tests of 50 beads from 5 stubs
appears to be sufficient to declare CI present.
One bead (stub 2, bead 5) of Compound 5 had a small Brpeak. The number of Br
counts was 147 whereas the peak presence rule required 44. This should be compared
to the average Br counts of,..,10,000 (see Table 4.6-5) for this sample. The probable
cause of this result is the occlusion of bead 5 by another bead. Figure 4.6-II is a
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Figure 4.6-ll Photomicrograph showing the location of bead 5 stub 2 of Compound 5
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Figure 4.6-11 Photomicrograph showing the location of bead 5 stub 2 of Compound 5
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photomicrograph of these two beads. The EDS detector enters from the left of the
photo so that bead 6 is interposed between the detector and bead 5. This latter bead
appears to be pressed into the carbon adhesive substrate in such a way that it is occluded
by bead 6. This was a rare event but does impact the statement that any bead is
representative of them all. The very low number of background counts is a flag that a
problem exists with the analysis. In general, the bead location did not affect the
qualitative analysis.
Another method of evaluating variability is to examine the net x-ray counts. This is
useful but the data were not collected with exactly the same beam currents and so any
conclusions will be tentative. Tables 4.6 -3, -4, and -5 present the results of the study of
net x-ray count variability for Compounds 2, 3 and 5. The last two rows of each Table
list parameters labeled stub and bead variability. The stub variability is the standard
deviation from averaging the stub means and is a measure of the difference among stubs.
The bead variability is determined by averaging the stub standard deviations and is a
measure of the difference among beads on a stub. For all of the elements present in
Compounds 2 and 3 (CI and S for 2; Br, CI, and S for 3) the stub x-ray count variability
was greater than the bead variability. In other words, beads on a stub were more similar
to each other than to beads on other stubs. For Compound 5, the reverse was true in
that the bead variability was less than the stub variability. This was entirely due to the
bead variability of stub 2 which was 4555 compared with variabilities ranging from 600
to 1500 for the other stubs. The high variability of stub 2 was due to two beads which
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were very much higher (18,354) and lower (147) than the other eight (average of
10,506). With these two outliers removed, the bead variability is 1624 and the average
for all of the stubs reduces to 1271. The relationship that the stub variability is greater
than that of the beads now holds for this compound as well.
Table 4.6-3 Summary Statistics for Compound 2
Net X-ray Counts
Mean (Standard Deviation) of 10 Beads per Stub
Stub Bromine Chlorine Sulfur
1 4 (46) 1605 (147) 9984 (607)
2 15 (55) ·3952 (411) 23074 (2508)
3 19 (34) 3117 (64) 18259 (1013)
4 42 (54) 2997 (249) 17727 (1026)
5 16 (26) 3576 (02) 21113 (743)
Mean 19 3049 18031
Stub Variabilitv* 14 892 4996
Bead Variability** 43 215 1179
*Standard deviation of the mean of the stub means.
** Mean standard deviation of the beads on each stub.
Table 4.6-4 Summary Statistics for Compound 3
Net X-ray Counts
Mean (Standard Deviation) of 10 Beads per Stub
Stub Bromine Chlorine Sulfur
3a-1 10357 (1592) 26 (91) 3796 (342)
3a-2 24478 (1567) 221 (51) 11615 (758)
3b -1 11317 (1540) 385 (371) 6349 (669)
3b -2 20027 (1264) 842 (91) 10894 (689)
3b - 3 18618 (3619) 812 (297) 9878 (1575)
Mean 16959 457 8506
Stub Variability* 6002 361 3320
Bead Variabilitv** 1916 180 807
*Standard deviation of the mean of the stub means.
** Mean standard deviation of the beads on each stub.
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Table 4.6-5 Summary Statistics for Compound 5
Net X-ray Counts
Mean (Standard Deviation) of 10 Beads per Stub
Stub Bromine Chlorine Sulfur
1 9021 (1505) 66 (77) 2 (23)
2 10255 (4555) 46 (31) 15 (48)
3 12370 (1361) 11 (72) 34 (38)
4 8874 (600) 3 (54) 23 (61)
5 10853 (1265) 21 (45) 19 (24)
Mean 10275 29 19
Stub Variabilitv* 1437 26 12
Bead Variability** 1857 56 39
*Standard deviation of the mean of the stub means.
** Mean standard deviation of the beads on each stub.
A few beads of each sample were subjected to sequential, 25 second scans (total of 400
seconds) to assess the effect of the electron beam on the beads and the x-ray counts.
The sole visual effect, observed on only a few beads, was a square outline corresponding
with the size of the beam raster which diminished in intensity over time. The net x-ray
counts did not vary greatly from the fIrst to the last 25 second scan for Compounds 2,3,
4, and 5. Compound 1, on the other hand, had a few beads which had continually
changing Cl x-ray counts over the 400 seconds. Table 4.6-6 presents two beads of
Compound 1 which had exactly opposite trends (only 100 of the total 400 seconds are
presented). Bead 1 had steadily decreasing Cl counts and steadily increasing C counts
whereas bead 2 was reversed. Interestingly, the mean Cl counts was nearly the same for
the two beads. The cause of this phenomenon with Compound 1 is not known but may
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be due to etching or contamination (see Hren, 1979). This did not appear to affect the
qualitative analysis of CI in Compound 1 but does make the net x-ray counts suspect
Table 4.6-6 Compound 1
Sequential Bead Tests
Net Counts
Elapsed
Time (sec) Bromine Carbon Chlorine Oxv2en Sulfur
Bead 1
25 64 7215 1177 85 -12
50 38 8811 698 131 13
75 -11 9283 643 71 57
100 64 9709 497 115 -20
mean 39 8755 754 101 10
stddev 35 1090 -Q95 27 35
Bead 2
25 2 10498 637 112 -16
50 35 10198 707 187 79
75 38 9872 786 214 24
100 -3 9478 924 153 19
mean 18 10012 764 167 27
stddev 21 438 123 44 39
Finally, the ESEM can quickly and dramatically alert the synthetic chemist to
catastrophic bead problems. Figure 4.6-ill shows the typical appearance of the
polystyrene beads (Compound 3) after two synthetic steps. Figure 4.6-IV show the
effects of improper synthetic conditions (for example, insufficient bead mixing) in failed
syntheses unrelated to the two synthetic schemes presented here. The imaging
capabilities are a useful adjunct to EDS-ESEM.
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Figure 4.6-ill Photomicrographs of typical beads of Compound 3b
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Figure 4.6-111 Photomicrographs of typical beads of Compound 3b
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Figure 4.6-IV Photomicrographs of bead failures due to errors in the synthesis such as
insufficient mixing of the beads during the reaction.
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Figure 4.6-IV Photomicrographs of bead failures due to errors in the synthesis such as
insufficient mixing of the beads during the reaction.
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5. Discussion
The objective of this work is to establish EDS-ESEM as an alternative and
complementary analytical technique in the qualitative analysis of solid phase synthesis
products and intennediates. The results presented in this thesis clearly show that this
objective has been achieved and that EDS-ESEM has the potential to be a useful
technique in solid phase synthesis analysis. The progress of two synthetic schemes was
easily followed using the EDS-ESEM results (Figures 4.1-1, 4.2-D. Importantly, these
results were obtained quickly, with a small amount of sample, and with little sample
preparation. It is also possible for EDS-ESEM to elucidate certain features of solid
phase synthesis, such as the morphological changes to the beads, which are impossible or
very difficult to detect by any other analytical technique.
The test results from the two synthetic schemes demonstrate that EDS-ESEM can
accurately characterize solid phase synthesis products and intennediates. The EDS-
ESEM spectra of the five compounds contained large, unequivocal peaks associated with
the heteroatom markers (CI- Compound 1; S - Compound 2; Sand Br - Compound 3;
no marker - Compound 4; Br - Compound 5). Further these results can be obtained
quickly (-30 minutes) with a minimum of material (less than 1 mg). The EDS-ESEM is
as good at the analysis of synthesis intennediates as it is at the fmal products. As
Fruchtel and Jung (1996) mention, the analysis of synthetic intermediates is one of the
weakest points in solid phase synthesis.
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Solid phase synthesis is most commonly used in combinatorial chemistry either for the
discovery of completely new therapeutic agents or for the optimization of already
discovered biologically active compounds. In either case, the first step is generally·a
proof-of-concept wherein a small-scale synthesis is conducted to establish the optimum
synthetic conditions. Further steps generate the thousands of new compounds.
Qualitative analysis by EDS-ESEM would seem best applied in the ftrst step since only a
few compounds are generated at one time. For use in large-scale solid phase synthesis,
automatic EDS-ESEM analysis would need to be developed.
The EDS-ESEM has some distinct advantages over other analytical techniques - though
it is probably more of a complementary than a replacement method. Both nuclear
magnetic resonance and mass spectrometry are being applied to solid phase synthesis,
though the fIrst method has large sample (,..,10 mg) and time (,..,1hr) requirements,
whereas the second requires that the new molecule be cleaved from the polymer before
testing. Infrared microspectroscopy is fast and sensitive but the results are often
ambiguous when similar functional groups are added or removed, and does not detect
the halogens easily. Elemental analysis/ion chromatography is frequently used but
yields no information on functional groups. It also has large time and material
requirements and its accuracy and precision in solid phase synthesis has been called into
question. As shown in this thesis, EDS-ESEM is in full agreement with the last two
techniques and is complementary to them. For instance, when originally tested by
CENIC, Compounds 2 and 3 were not analyzed for the presence of Cl. The chemist
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simply assumed that it was removed. The EDS-ESEM results were the ftrst to suggest
the presence of CI, which was subsequently found upon re-analysis by CEAlIC. Since
EDS-ESEM tests simultaneously for all marker elements, a great deal of information can
be obtained in a short time.
The detectability limits of Br, CI, and S using EDS-ESEM appear to be sufficient for
solid phase synthesis analysis. As suggested in the Sections 4.4 and 4.5, the minimum
detectability limit is probably between 0.1 and 0.6% for CI and may be this low for Br
and S as well. Since all elements are detected simultaneously, contamination problems
and small amounts of unreacted material can be easily discerned. This may be
particularly important to the biological assay. Impurities may mask or interfere with an
active compound or potentially give a false positive result. Even the appearance of the
beads in the ESEM can easily flag synthesis problems as in the case of the broken beads
and those with an unusual appearance.
A surprising result of this work is the nearly complete homogeneity of the beads with
regard to the qualitative analysis. Simply testing one bead is sufficient to determine
synthetic success since each of the beads tested were in agreement concerning the
synthesis. Agreement of the qualitative analyses did not at all mean similarities in the net
x-ray counts. In general, beads on a stub had similar x-ray counts, whereas beads from
different stubs exhibited more variation. This would suggest that either there are
signiftcant differences between the specimens or that some instrumental variables were
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not well controlled. My opinion tends toward the latter. For example, these tests were
conducted on different days with the instrument shut down between days. It is- often
necessary to center the ftlament at the start of each day whereas little centering is
required during a day's testing. The alignment of the ftlament has a dramatic impact on
the beam current and subsequent x-ray counts. This variable could be controlled by
ensuring that the beam current is the same for each test.
Naturally, every method is limited in some way in its application, and the use of EDS-
ESEM is not an exception. Primary among the limitations ofEDS-ESEM is the
requirement of a heteroatom marker (such as CI, Br, S, etc.) in the synthetic intermediate
or product. The EDS-ESEM does not detect functional groups directly. This is not a
particularly serious limitation for two reasons. First, many of the synthetic products
naturally contain heteroatoms either as part of the synthesis or as part of the molecule
itself. Second, CEAlIC has the same requirement, and, consequently, chemists have
designed synthetic schemes with the inclusion of heteroatoms. When EDS-ESEM is
used in conjunction with IR microspectroscopy, the advantages of each technique
(functional groups and heteroatoms) can be gained.
In common with all analytical techniques, EDS-ESEM results are more equivocal the
closer they are to the detection limits. The two samples of Compound 3 highlight this
quite well. In many cases, the x-ray counts were only slightly above the number dictated
by the peak presence rule. The equivocal nature of the qualitative analysis does not,
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however, pose a practical difficulty. The analyst would simply report to the chemist the
probability of the presence of CI and allow him or her to judge the significance of the
result as it relates to the purpose of the synthesis. Clearly, quantitative results would be
quite useful in cases of this sort.
In both synthetic schemes, the ftrst step was the removal of CI and the attachment of
another functional group at that position in the molecule. Chlorine, then, should not be
present at all in Compounds 2 to 5 -- yet it is present in all of them. There are at least
three reasonable causes for the presence of Cl. First, some of the CI could be due to
unreacted sites because of poor swelling of the beads or possibly because of some other
processing variable. Second, the washing steps may have been incomplete and some CI
containing compounds remain behind Finally, CI may be introduced to the system from
the glassware, solvents or from somewhere else outside the synthesis itself. It is not
possible, after the fact, to determine which of these possibilities contributed most to the
CI counts. Conducting a blank test would have at least distinguished the frrst from the
second and third possibilities, but this test was not done. While this question is of
interest in the synthesis, it is immaterial to results of the qualitative analysis.
This study constitutes a proof-of-concept. Can EDS-ESEM be applied to the qualitative
analysis of solid phase synthesis products? The answer is an unqualifted yes. There is,
however, much more to be done. Primary among the tasks is the development of
quantitative analysis methods on the ESEM. Remember that there are two unsolved
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problems in the analysis of solid phase synthesis intermediates: structural analysis and the
amount of the new compound synthesized. Qualitative analysis using EDS-ESEM
(especially in combination with IR microspectroscopy) can address the structural issue
while quantitative analysis has the potential to address the second. The comparison
between EDS-ESEM peak-to-background ratios and the CEA/IC results (Figure 4.3-III)
are encouraging for the future development of quantitative analysis in the ESEM.
There are some instrumental issues which also ought to be addressed. For instance, only
water vapor was used as the chamber gas though other gases may have some distinct
advantages over water. It is known that the ESEM secondary electron detector has a
strong impact on many EDS parameters such as the beam current, but its impact on x-
ray microanalysis has not been studied at all. The apparent lack of contamination under
the electron beam is curious and may have important implications in ESEM work. One
hypothesis is that the poor vacuum works to our advantage in that the water molecules
inhibit the flow of gas from the pump oil to the specimen. Also, the electron beam can
split water molecules and hydroxyls may react with surface contaminants. This subject
has not been fully studied. Finally, the impact of the electron skirt on EDS analysis has
not been completely described. This study avoided the issue by using relatively large
(>SOJ!m) targets and minimizing the gas path as well as the chamber gas pressure.
Understanding the effects of the electron skirt on x-ray microanalysis will be critically
necessary if the technique is to be applied to smaller specimens.
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Finally, what are the implications of this study to EDS analysis in the ESEM? The most
important implication is that it is possible! As late as the summer of 1997, doubt was
expressed at a major microscopy meeting that EDS would ever be a practical and reliable
technique in the ESEM (see Mansfield, 1997). For qualitative analysis, at least, this
doubt ought to be laid to rest. Of course, there are significant differences between
conventional EDS in the SEM and EDS-ESEM. One must be very careful in the set-up
of the instrument. It is absolutely crucial to use the long assembly secondary electron
detector to minimize the gas path length. It is also necessary to minimize the gas
pressure. This study, among many others, does demonstrate that EDS-ESEM has the
power to be a useful tool in materials research.
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6. Conclusions
• Energy dispersive x-ray spectrometry in the environmental scanning electron
microscope is a useful technique for the qualitative analysis of the reaction products
and intermediates in solid phase synthesis.
• The primary advantages ofEDS-ESEM are accuracy in the qualitative analysis,
speed, and simple sample preparation.
• The results ofEDS-ESEM are in close agreement with the results from infrared
microspectroscopy and combustion elemental analysis / ion chromatography.
• The detectability limit for chlorine is between 0.6 and 0.2 %. The detectability limits
for S and Br are much less than 3 and 6 % -- the lowest concentrations of these
elements in the tested specimens. The detectability limits for these two elements are
probably similar to that of CI (,."Q.5%).
• The qualitative analysis of individual beads is sufficient to characterize an entire
sample when the amount of tested element is greater than,.., I %. When the
elemental concentration is less than this value, it may be necessary to test more beads
from more than one stub.
• The variability in net x-ray counts is greater between beads on different stubs than for
those beads on one stub. This may be an indication of the need for better control of
some instrumental variables such as the beam current.
• An initial comparison of CEA/IC results to EDS-ESEM peak-to-background ratios is
encouraging for the future development of quantitative analysis in the EDS-ESEM.
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Appendix 1 DECISION RULE FOR PEAK PRESENCE
In most cases, the detection of an element peak by an analyst is straightforward. The
analyst simply observes the spectrum and mentally compares the height and area of a
supposed peak with the background. The analyst is comparing the suspected peak with
the bin-to-bin variations in the background. As Figure A1-I shows, for many peaks the
decision is quite simple. There is no question but that there are peaks at the energy
levels associated with carbon, oxygen, bromine, and sulfur. For chlorine, however, the
decision is not so clear. In such a case, most analysts expand the scale so as to enlarge
/
the baseline to detect a peak.
In those cases where the peak detection is not certain, the decision can be made more
reproducible by applying a peak presence rule. Goldstein et al. (1992) suggest that the
most suitable criterion for peak presence is Pnet > 3(NB)1I2 where P is the net peak counts
and NB is the number of background counts. The average number of counts in
background regions adjacent to the region of interest can be substituted for NB. The
number and size of the bins in the adjacent regions must be the same as in the region of
interest. This rule is used in this thesis to establish the presence or absence of an
element.
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Figure AI-I EDS spectra showing different Cl peaks
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The chlorine regions of beads 1and 7 (see Figure AI-1 a and b) on stub 1 of Compound
3a provide an instructive example of how this rule is used. The average background
x-ray counts around the CI window for bead 1 are 2025; the square root of this is 45; so
3(NB)1/2 = 135. The net counts was -6 and so CI is ruled to not be present. A similar
calculation for bead 7 has 3(NB)1/2 = 116 and the net counts are 187. Chlorine is ruled
to be present though probably in a low concentration. Simple inspection of the spectra
of these two beads conftrms the results of the rule. Chlorine has a Ka peak at 2.6 keV
and inspection of the spectra at this location suggests there is no peak for bead 1 and a
small peak for bead 7.
This rule can be derived from a consideration of the statistics of the x-ray counting
process and is discussed by many authors(see Currie, 1968; Ryder, 1979; Statham, 1978;
Ziebold, 1967). A sales publication of Kevex, Inc. has a particularly clear exposition of
these ideas [see Energy Dispersive X-Ray Microanalysis: An Introduction (1963) by
Kevex, Inc., Foster City, CAl.
It is important for the analyst to be aware of the assumptions used in the derivation of
this rule. The ftrst assumption is that x-ray counts can be well modeled using Poisson
statistics. The second assumption is that the magnitude of the random fluctuations in the
counts is a function of the total number of counts in the region of interest. A third
assumption is that the number of counts in adjacent regions (with the same number of
bins and same bin size) can be substituted for the background counts in the region of
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interest. The authors cited above discuss some of these assumptions but do not explicitly
test their accuracy. A rigorous test of all the assumptions used in the formulation of this
rule and the search for an alternative rule would be an interesting research project.
Finally, the decision rule is a matter of probability and a confidence level must be
associated with the rule. The factor' 3' is partially based on a probability level of 95 %.
If one required a 99 % confidence level, the factor increases from 3 to 3.6.
We should bear in mind that this rule is invoked for those cases where the visual search
for a peak is uncertain. The objective of using such a rule is to limit the personal.bias
inherent in such a visual search. Ifwe can make figures of clouds and fmd a man in the
moon, we can certainly fmd peaks where none exist. The application of this rule for
deciding peak presence ought to make such decisions more reproducible. Still, for a
95 % confidence level, on average one of every 20 decisions will be incorrect.
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Appendix 2 EFFECT OF ACCELERATING VOLTAGE ON NET X-RAY COUNTS
The choice of accelerating voltage for x-ray microanalysis with a conventional SEM is
governed by the rule-of-thumb that the overvoltage for any element must be greater than
2 and less than 10 (see Goldstein et aI., 1992). The overvoltage is deftned as the ratio of
the accelerating voltage of the electron beam to the energy of the elemental characteristic
x-ray. A low overvoltage will not have sufficient energy to excite the element of interest
and consequently will lead to no or low x-ray counts. With a high overvoltage, the x-
rays are generated deep within the specimen leading to unacceptably high absorption
effects. Another factor to be considered in the choice of accelerating voltage is the
sensitivity of the target material to the electron beam. These same considerations apply in
EDS-ESEM along with the added complication of the chamber gas. Previous studies
have shown that the beam scatter, due to the chamber gas, increases with decreasing
accelerating voltage. An obvious objective of setting the instrumental conditions is to
minimize these scattering effects. For the studies reported in this thesis, chlorine is the
element with the highest x-ray energy of interest at 2.7 keVfor the Ka line (Br has a Ka
line at 11.9 keY, but this line was not used in this study). The overvoltage range of2 to
10 implies that the accelerating voltage be between 5.4 and 27 keY. Three accelerating
voltages were evaluated: 20, 15 and 10 keY using SPS beads. The objective of this
study was to chose the most appropriate accelerating voltage in this range as judged by
the peak to background ratios.
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In general, the carbon and oxygen net counts increased with decreasing accelerating
voltage whereas the heteroatom (Br, CI, S) net counts decreased with decreasing
accelerating voltage (see Table A2-1). It is to be expected that the light element counts,
such as carbon, would increase with decreasing accelerating voltage due to a lowered
overvoltage and the consequent reduction of absorption effects deep within the
specimen. Further, the decreasing accelerating voltage increases the size of the skirt and
so it is possible that the larger C and 0 counts are due to the carbon tape and stub. The
cause of the reduction in net counts of Br, CI, and S with decreasing accelerating voltage
is unknown but may be related to some instrumental variables (see the discussion in the
Note following this Appendix).
TableA2-1
Accelerating Voltage Study, Net X-ray Counts
Mean (Standard Deviation) of 3 Beads
Accelerating
Voltage (kV) Bromine Carbon Chlorine Oxveen Sulfur
Compound I
20 68 (77) 38919 (65321) 2345 (762) 505 (153) 47 (61)
15 -6 (21) 43269 (18700) 1276 (285) 757 (439) 6 (50)
10 -60 (25) 64910 (12790) 560 (85) 1411 (388) 16 (21)
Compound 2
20 4(26) 12983 (3420) 1361 (173) -21 (134) 9581 (883)
15 -14 (48) 32759 (3387) 1096 (194) 508 (107) 7861 (1476)
10 20 (30) 40567 (6457) 402 (32) 1354(458) 3595 (360)
ComPOund3a
20 8843 (604) 6850 (683) 4(29) 741 (346) 4400 (235)
15 8800 (315) 13847 (1163) 12 (33) 1151 (119) 4113 (72)
10 * 1124(90) 4796 (296) -11 (34) 410 (103) 474(66)
*It was not possible to achieve the targeted 1000 to 1500 counts per second. The count rates were about
350 counts per second on average.
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The·peak-to-background (P/B) ratios are a more sensitive parameter to use in comparing
accelerating voltages than are the net x-ray counts. Table A2-2 presents the ratios for
Br, Cl, and S for Compounds 2 and 3a. The P/B ratios at 20 and 15 kV are similar for
each element and Compound while those at 10 kV are considerably lower. This suggests
that the higher accelerating voltages are preferred, though the P/B ratios for 10 kV are
sufficient for good microanalysis.
TableA2-2
Accelerating Voltage Study, Peak-to-Background* Ratio
Mean (Standard Deviation) of 3 Beads
Accelerating
Voltae;e (kV) Bromine Chlorine Sulfur
Compaund2
20 1.00 (0.01) 1.65 (0.12) 4.63 (0.18)
15 1.00 (0.02) 1.59 (0.06) 4.23 (0.25)
10 1.01 (0.01 1.34 (0.03) 4.24 (0.18)
Compound3a
20 3.67 (0.29) 1.00 (0.02) 3.01 (0.11)
15 3.67 (0.29) 1.01 (0.02) 3.28 (0.04)
10 2.99 (0.09) 0.95 (0.19) 2.84 (0.44)
*The peak-to-background rauo is here defined as the total number of counts in the peak (including
background) divided by the number of background counts. A ratio of 1 implies that the element is not
present.
An accelerating voltage of 20 kV was chosen for the variability studies presented in this
thesis, but in hindsight, 15 kV may have been a better choice. As a guiding principle,
one ought to chose the lowest accelerating voltage with an overvoltage greater than two
for the highest energy line. This must be balanced against the increased electron beam
scatter which results from lower accelerating voltages. A voltage of 15 kV satisfies
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these conditions better than does 20 kV. If, however, only the PIB ratio is used as the
deciding criterion, all three of the accelerating voltages are satisfactory with either 20 or
15 being better than 10 kV.
NOTE: There is a substantial weakness in this study related to standardization and
electron optics alignment. For the study reported in this Appendix, the operating
conditions (primarily the condenser setting) were adjusted so as to give similar count
rates. This is the wrong parameter to standardize and the beam current should be used
instead. The beam current was standardized for all of the other studies. A standard
beam current may have improved the PIB at 10 kV. Discussions with Electroscan also
indicated that the tungsten fIlament was probably not completely saturated both for this
study and for the variability studies. Unsaturated fIlaments tend to have random drifts in
beam current. It is possible that the inability to obtain sufficient counts at 10 kV for
Compound 3 may have been due to some drift in either the fIlament current or some
other portion of the electron optics. The effect of an unsaturated fIlament should be
negligible in qualitative analysis but would result in unacceptably large errors in
quantitative analysis.
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Appendix 3 EFFECT OF SECONDARY ELECTRON DETECTOR VOLTAGE ON
NET X-RAY COUNTS
The Everhardt-Thomley secondary electron detector in a conventional SEMshould have
little effect on the electron beam. or on the resultant x-rays (see Goldstein et al., 1992).
The Electroscan ESEM, on the other hand, can be equipped with either of two detectors
which have a relatively high applied positive potential (+30 to + 400 V). This potential
is designed to enhance the ion cascade from the specimen surface. Wight (1996) has
shown the rather dramatic effects that this potential can have on the Faraday cup beam.
current measurements under various operating conditions. It is clear from his work that
this potential can have a profound influence on the measurement of beam current. There
does not, however, appear to have been any reported work assessing the influence of this
detector potential on x-ray microanalysis.
In order to evaluate the effect of the secondary detector on the x-ray counts, five beads
of Compound 3b were evaluated with the detector set at full contrast, half contrast and
low contrast (the contrast knob on the 2010 controls the detector potential). There is no
simple way of determining the exact voltage to the secondary detector in the Electroscan
2010 though the manufacturer states that it varies from +30 to +400 V on the long
assembly ESD.
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Full, half, and low contrast were determined by correlating the change in specimen
current on the picoammeter with the image on the monitor. Typical contrast was set for
the bead and the specimen current noted. The contrast knob was reduced until no image
was observed and further reductions made no change in specimen current. Half-contrast
was the current midpoint between these two values. X-ray spectra were collected at full,
half, and low current values.
The effect of the voltage on the secondary detector does not appear to be the same for
each of the tested elements (see Table A3-1). For instance, the chlorine counts appear
unchanged by the change in detector voltage whereas the bromine and sulfur counts
decrease significantly with the decrease in detector voltage. Carbon, on the other hand,
has an initial decrease and then an increase. These data are not conclusive in any way
but they do suggest that the detector voltage can have an effect on the x-ray counts. For
all of the results reported in this thesis, the secondary detector voltage was turned as low
as possible in order to minimize this effect.
TableA3-1
lve ea at ac ettmg
Contrast Knob Settin2 Carbon Bromine Sulfur Chlorine
Full 9136 (1446) 16255 (755) 6929 (263) 722 (145)
Half 6950 (1465) 13594 (1166) 6521 (427) 761 (101)
None 7618 (3466) 12138 (1289) 6268 (312) 716 (175)
Effect of Secondary Detector Voltage on X-ray Counts
Compound 3a, 20 kV Accelerating Voltage, Spot Mode
Mean (Standard Deviation) of X-ray Counts
F' B <is E hS .
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Appendix 4 COMPARISON OF PGT 'INTEGRAL' ROUTINE TO MANUAL
BACKGROUND SUBTRACTION FOR DETERMINING NET X-RAY COUNTS
For routine work the gross and net peak counts were determined using the PGT
(princeton Gamma Tech, Inc., Princeton NJ) software in the IMIX-XE system. The
background is modeled after peak positions are located using a digital fIlter. The
accuracy of the background count calculation in the PGT software was checked by
manually calculating the number of x-ray counts in windows to either side of the peak of
interest. The average counts of these two windows was compared to that calculated by
the PGT software. The number and size of the bins in the adjacent windows were kept
the same as those in the peak window.
Two sample spectra of Compounds 1and 3a were chosen for this test (see Figures A4-I
and A4-ll). The difference between the results for the two methods is less than 5%; the
fact that the difference was positive for Cland negative for Br suggests that it is random.
Table A4-1 presents the window defInitions for both the element energies and the
adjacent area for comparison. Table A4-2 presents the net peak counts as calculated by
the PGT 'Integral' program and the manual background subtraction method. This level
of difference was deemed acceptable and the values calculated by the PGT software
were used for all of the studies presented in this thesis.
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Table A4-1
Window Defmitions For Elements and Adjacent regions of interest
Element LoweV llil!heV
Bromine La 1435.6 1524.4
ROI Below Bromine 1112.5 1201.3
ROI Above Bromine 1851.6 1940.4
ChiorineKa 2570.3 2673.7
ROI Below Chlorine 2249.8 2353.2
ROI Above Chlorine 2902.3 3005.7
SuifurKa 2257.2 2356.8
ROI Below Sulfur 1991.1 2090.7
ROI Above Sulfur 2561.2 2660.8
TableA4-2
POT Calculated vs. Adjacent ROI
Br and S values from Compound 3a, CI from Compound 1
Element PGT Background AverageROI % Difference
Backeround
Bromine 1928 2021 -4.6
Chlorine 1683 1618 +4.0
Sulfur 2198 2167 +1.4
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Figure A4-1 EDS spectrum of Compounds 1 (a) and 3a (b) showing the element and
adjacent window defmitions
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Appendix S DATA TABLES
The following tables present the Br, C, CI, 0, and S net x-ray counts for all of the tests
conducted in this study.
Table AS-! Net X-ray Counts, Compound 1, All Tests
Bead Bromine Carbon Chlorine Oxygen Sulfur
1 64 9709 497 115 -20
2 37 9892 260 101 -11
3 26 7772 588 118 84
4 -3 9478 924 153 19
5 10 12269 487 181 -9
Mean 27 9824 551 134 13
StdDev 26 1607 241 33 43
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Table AS-2 Net X-ray Counts, Compound 2, All Tests
Bead Bromine Carbon Chlorine OXY2en Sulfur
Stub 1
1 66 9589 1529 510 9452
2 -22 8521 1645 406 9729
3 -71 7634 1642 389 9554
4 -49 10857 1766 585 11345
5 14 9459 1791 505 10505
6 -1 6094 1578 27 9677
7 81 5764 1601 205 9531
8 0 4026 1268 111 9716
9 21 6760 1685 232 9833
10 5 8234 1542 406 10498
Mean 4 7694 1605 338 9984
StdDev 46 2063 147 185 607
Stub 2
1 6 27902 3592 1110 22001
2 1 25160 4032 1300 24829
3 18 30650 3667 1089 21613
4 30 29787 3652 991 22819
5 11 41979 3227 1371 17235
6 43 58313 4281 2832 23608
7 -123 38669 4277 1249 24432
8 90 35563 4421 1365 26331
9 18 48340 4452 1675 24901
10 55 27246 3919 887 22971
Mean 15 36361 3952 ~ 1387 23074
StdDev 55 10640 411 555 2508
------
L.... ______ L.- ______ 1...-_------ L... ______ 1...- ______
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Table A5-2 Cont'd
--------------------------------------------Stub 3
1 43 32453 2979 1136 17400
2 0 23490 2829 769 16471
3 13 21685 2952 682 16906
4 -4 26595 3011 920 19691
S -53 22900 3178 813 18267
6 54 22010 3299 591 18701
7 70 24615 3137 639 18808
8 28 25100 3256 741 18593
9 15 21946 3296 673 19036
10 23 24156 3228 742 18714
Mean 19 24495 3117 771 18259
StdDev 34 3203 164 159 -1013
Stub 4
1 -3 25054 3318 842 19067
2 32 27812 3271 891 18894
3 153 19485 3260 885 17971
4 -3 24898 3018 674 17979
S 14 24832 2999 920 17704
6 50 25785 3011 814 17737
7 -9 17959 2920 608 18063
8 105 25256 2876 828 17830
9 2 22823 2798 638 16298
10 76 17777 2498 627 15722
Mean 42 23168 2997 773 17727
StdDev 54 3527 249 122 1026
StubS
1 33 32515 3604 1046 21718
2 -7 27772 3601 860 21520
3 0 30104 3557 859 21782
4 31 27761 3672 920 21537
S 54 25383 3388 846 19986
6 5 26305 3462 898 20067
7 -25 28293 3681 882 20589
8 41 34558 3480 1275 20524
9 36 21449 3633 722 21955
10 -7 34658 3679 944 21452
Mean 16 28880 3576 925 21113
StdDev 26 4180 102 148 743
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Table AS-3 Net X-ray Counts, Compound 3a, All Tests
Bead Bromine Carbon Chlorine OXV2en Sulfur
Stub 1
1 11101 5407 -6 1161 3850
2 11802 4199 117 1002 4113
3 8805 2705 -76 542 3710
4 11112 5181 -80 1038 3782
5 6716 13184 -5 459 2949
6 11969 3600 139 833 4255
7 9739 2483 187 640 3805
8 10735 3148 15 814 3778
9 10339 2475 4 658 3912
10 11253 3832 -37 726 3802
Mean 10357 4621 26 787 3796
StdDev 1592 3182 91 226 342
Stub 2
1 25643 17427 302 718 12460
2 26478 19497 166 825 12457
3 26673 14431 289 726 12439
4 24246 13161 218 611 11579
5 24567 14803 241 563 11743
6 24437 18487 137 759 11393
7 25058 16409 240 848 12078
8 22619 12955 201 602 10711
9 23017 13127 195 610 10850
10 22040 13331 219 552 10436
mean 24478 15363 221 681 11615
std dev 1567 2430 51 108 758
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Table AS-4 Net X-ray Counts, Compound 3b, All Tests
Bead Bromine Carbon Chlorine OxY2en Sulfur
Stub 1
1 9172 9018 -19 1304 5761
2 9350 8735 18 1458 5839
3 9943 9112 185 1318 5704
4 12032 9469 25 1405 7799
5 11983 14072 61 1802 7044
6 11652 4543 896 702 6452
7 11036 5183 712 928 5836
8 13796 12752 429 1594 6522
9 13210 9573 746 1245 6493
10 10997 6041 796 991 6036
Mean 11317 8850 385 1275 6349
StdDev 1540 3044 371 327 669
Stub 2
1 19612 16698 692 833 10888
2 20268 16561 879 705 11237
3 18649 11701 846 726 9935
4 20126 11592 962 653 10900
5 19517 14084 804 702 10710
6 20569 16584 928 763 10847
7 21897 16331 712 826 11596
8 19178 14113 886 659 10619
9 18305 9987 789 558 9978
10 22148 18202 921 697 12231
mean 20027 14585 842 712 10894
std dey 1264 2736 91 82 689
------
:...._----- 1...- ______
------- ------~------
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Table A5-4 Cont'd
------------------------------------------
Stub 3
1 18425 12205 119 590 9548
2 18546 12299 884 677 10028
3 18462 13565 814 711 10211
4 18478 13234 927 685 9898
5 20461 11522 1055 633 10441
6 21538 13796 1070 748 11050
7 9045· 6157 506 374 5657
8 21205 15392 1029 663 10966
9 18660 11390 748 683 9921
10 21358 17944 969 933 11055
Mean 18618 12750 812 670 9878
StdDev 3619 3042 297 139 1575
Table A5-5 Net X-ray Counts, Compound 4, All Tests
Bead Bromine Carbon Chlorine OxY2en Sulfur
1 10 21624 -1 382 24
2 -5 20865 -4 408 -13
3 22 20191 24 356 15
4 -3 12920 10 125 51
5 20 21806 -7 438 -10
mean 9 19481 4 342 13
std dev 13 3724 13 125 26
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Table AS-6 Net X-ray Counts, Compound 5, All Tests
Bead Bromine Carbon Chlorine OXY2en Sulfur
Stub 1
1 5914 13549 -23 825 28
2 11008 17113 37 1328 -2
3 9783 16530 119 1248 31
4 10883 15640 10 1158 -46
5 9697 14631 235 1178 -7
6 8628 11082 29 721 9
7 9010 12122 138 672 14
8 8973 13282 57 917 8
9 8709 12346 37 756 5
10 7600 10678 21 629 -22
Mean 9021 13697 66 943 2
StdDev 1505 2231 77 261 23
Stub 2
1 11377 48945 34 660 -32
2 9291 36075 27 385 114
3 8210 33774 70 279 8
4 9169 33743 45 364 -43
5 147 1427 6 130 4
6 13335 64445 76 670 41
7 18354 99348 81 1208 62
8 10222 37788 84 339 -33
9 11410 36355 -3 428 9
10 11036 40866 35 524 18
Mean 10255 43277 46 499 15
StdDev 4555 25150 31 299 48
------~-----
L.- ______ 1.- ______
------ ------
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Table AS-6 Cont'd
---------------------------------------Stub 3
1 8912 36843 -56 311 19
2 12174 50860 106 566 58
3 13366 55689 54 752 57
4 13800 52497 51 623 1
S 12622 48609 69 471 72
6 13436 45363 34 459 -21
7 11963 47566 74 535 66
8 12834 50405 -71 522 66
9 12436 43611 -74 536 52
10 12161 46186 -77 507 -28
Mean 12370 47763 11 528 34
StdDev 1361 5242 72 114 38
Stub 4
1 9586 38916 14 428 11
2 9337 33937 -63 373 52
3 9440 35146 -43 242 186
4 7843 25425 -83 354 14
S 8245 33362 95 236 13
6 8447 30862 9 309 -5
7 8803 34119 5 329 -30
8 9492 40970 51 393 8
9 8497 31048 7 239 -21
10 9046 32358 42 261 6
Mean 8874 33614 3 316 23
StdDev 600 4318 ·54 70 61
StubS
1 12013 43208 -6 463 0
2 11938 45172 15 486 -1
3 12303 42175 26 408 13
4 11692 44496 92 416 35
S 11028 40595 99 429 16
6 10598 38913 -3 452 19
7 10598 38913 -3 542 19
8 10177 33734 2 377 36
9 10147 35616 -47 346 -13
10 8032 21398 38 214 70
Mean 10853 38422 21 413 19
StdDev 1265 7026 45 89 24
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